If light enough primordial black holes account for dark matter, then its density decreases with time as they lose mass via Hawking radiation. We show that this time-dependence of the matter density can be formulated as an equivalent w(z) dark energy model and we study its implications on the expansion history. Using our approach and comparing with the latest cosmological data, including the supernovae type Ia, Baryon Acoustic Oscillations, Cosmic Microwave Background and the Hubble expansion H(z) data, we place observational constraints on the PBH model. We find that it is statistically consistent with ΛCDM according to the AIC statistical tool.
I. INTRODUCTION
The recent observation of gravitational wave emission from black hole inspirals [1] has revitalized the tantalizing idea that a fraction of our Universe's dark matter (DM) budget could consist of primordial black holes (PBH) [2] . The unexpectedly large black hole merger rate [3] inferred from LIGO observations overlaps with various estimations derived from PBH dark matter models [4] . This view is reinforced by the fact that the progenitor black holes responsible for the emission of gravitational waves seem to be spinless [1] , a property which is unlikely to be found in black holes of astrophysical origin, while natural for PBHs [5] [6] [7] .
The PBH idea is reshaping our understanding of dark matter as the formation of PBHs shortly after the BigBang, during the radiation era, requires primordial curvature fluctuations with amplitudes large enough to induce the gravitational collapse of matter into black holes upon re-entering the horizon. A well-known mechanism leading to such an amplification is a period of ultra-slowroll inflation [8, 9] . In addition, being sensitive to the tail distribution of primordial fluctuations [10] , the PBH formation is intertwined with non-Gaussian initial conditions relating the dark matter density to the dynamics of the primordial Universe.
On the other hand, a tension has emerged between long [11] and short (local) [12] distance measurements of the Hubble constant, which has persisted up to now at a considerably high confidence level of 4.4σ [13] , a possibility that, if confirmed, could open the way for new physics at cosmological, or possibly, even microphysical scales. * Electronic address: savvas.nesseris@csic.es † Electronic address: domenico.sapone@uchile.cl ‡ Electronic address: s.sypsas@gmail.com
It is well known -see, e.g., [14] and references therein-that a way to reconcile local and cosmological measurements of H 0 is to consider a coupling between dark matter and dark radiation so that the former decays/annihilates to the latter. This process lowers the redshift of matter/radiation equality, thus amplifying the age of the Universe.
In this article, we offer a realization of this scenario due the quantum effect of Hawking evaporation of primordial black holes. In such a case, the radiation, however, is not dark since it is composed of relativistic standard model particles and as such it is subjected to constraints. The photons and charged leptons emitted by sufficiently low mass BHs are constrained from γ-and cosmic-ray observations [15, 16] , while neutrino emission has been studied in [17] . The lowest possible mass for which DM can be entirely due to PBHs is the so-called asteroid window M PBH 2 × 10 16 g [18] , however, the concensus on the constraints is not fully settled [19] .
In this paper we show that for a monochromatic PBH population around this mass range, the emitted particles behave as a dark energy fluid with a time dependent equation of state w DE (z). We take into account the whole expansion history from recombination to very low redshifts and show that, in this case, w DE (z) mildly crosses the phantom line w DE (z) = −1. The effect is too small to have any significant impact on, e.g., the value of H 0 , however, we entertain the idea of having a very small fraction of very light PBHs, which produce just enough radiation to raise the Hubble constant, thus reducing the tension.
II. HUBBLE PARAMETER AND HORIZON AT DRAG EPOCH
In this Section we will examine the effect of the BH mass loss on the energy budget of the Universe. Page in [20] , showed how a BH emits mass as a function of cosmic time, which when written in terms of the scale factor reads
where prime denotes the derivative with respect to the scale factor, H(a) is the Hubble parameter and C is a numerical constant with dimension [M 3 /t] 1 . Let us assume that some fraction f PBH of DM is in the form of primordial black holes, so we set Ω PBH = f PBH Ω c at some initial time a = a in . Hence, the PBH density will read
where M in is the initial mass of the black hole population. Then we need to consider the loss in Ω PBH and the simultaneous gain in Ω x which will be our "dark" component. Clearly, an energy loss in the PBH section will imply a gain in the new dark radiation component, so this will translate to a system of coupled fluids. Following the approach in [22] , the system of coupled matter and dark radiation fluid will be given by
where the positive sign in the matter section refers to a loss in energy. The function Q appearing in the above equations is a coupling term that remains to be specified. Note that, the value of the equation of state parameter is for the moment left unspecified. The dynamics of the primordial black hole density follows directly from inserting Eq. (2) into Eq. (1), to find
The dark radiation instead evolves as
This system of equations can be further simplified in order to drop the dependence a −10 , which might lead to instabilities at early times; by considering the normalized energy densities
1 C ≡ 3β the final system reads
where we have set α = C/M 3 in . We demand that at early times the Universe behave as in the ΛCDM cosmology, hence, the initial conditions for each species will beΩ PBH (a in ) = f PBH Ω c,0 and Ω x (a in ) = 0. The problem here is the presence of the Hubble parameter in Eqs. (8) and (9), which is only defined implicitly at this time. To this end, we impose the Hubble parameter to be exactly the ΛCDM one, see the Appendix for more details. The final Hubble parameter will be
where
A. Effective equation of state parameter
The PBH radiative mechanism can be also interpreted as an effective dark energy fluid. The emitted particles, even though relativistic, do not behave as radiation, since Ω x does not scale as a −4 due to Eq. (1). For light PBHs, by solving the system of coupled fluids numerically, it can be shown that at late times the dark radiation component becomes comparable to the photon density having a subdominant effect on the dynamics which however excibits a phantom behavior.
The Hubble parameter in a flat, dark energy dominated Universe, is given by
Then the effective equation of state parameter can be expressed in terms of the Hubble parameter as
Using Eq. (10), we find
As previously stated, we demand the Universe to be ΛCDM at early times, hence Ω x → 0 and
in : this implies w eff → −1. At late times, Ω x > 0, as black holes are producing more relativistic matter by losing their masses, Ω PBH < f PBH Ω c,0 . If we rewrite Eq. (11) as
we realize that the denominator is always negative because Ω Λ,0 is the largest component at late times; both terms in the numerator are positive, however the "dark" radiation is subdominant with respect to the PBH energy loss due to the ≈ a −4 scaling of the solution in the radiation sector. This guarantees the fraction to be always negative, implying an effective equation of state parameter always less than −1.
However, the effective phantom behavior is very mild for the sensible value of the PBH masses; for instance, if we assume a mass of 10 16 g, the effective equation of state parameter differs from −1 of about 0.001%. Only for very light primordial black holes, i.e M PBH ∼ 10 15 g, then w eff (1) = −1.01.
III. COSMOLOGICAL CONSTRAINTS A. Data
In this section, we will now present the parameter constraints from fitting our model to the latest cosmological data such as the supernovae type Ia (SnIa), Baryon Acoustic Oscillations (BAO), Cosmic Microwave Background (CMB) and the Hubble expansion H(z) data. Specifically, we utilize the Pantheon Type Ia Supernovae (SnIa) compilation of Ref. [23] , the BAO measurements from 6dFGS [24] , SDDS [25] , BOSS CMASS [26] , WiggleZ [27] , MGS [28] , BOSS DR12 [29] and DES Y1 [30] . Finally, we also use the CMB shift parameters (R, l a ) that are based on the Planck 2018 release [11] .
Moreover, we also incorporate in our analysis the direct measurements of the Hubble expansion H(z) data. These can be derived in two ways: via the differential age method or by the clustering of galaxies and quasars. The latter provides direct measurements of the Hubble parameter by measuring the BAO peak in the radial direction from the clustering of galaxies or quasars [31] . On the other hand, the former method determines the Hubble parameter via the redshift drift of distant objects over significant time periods, usually a decade or longer. This is possible as in GR the Hubble parameter can be expressed via of the rate of change of the redshift H(z) = − 1 1+z dz dt [32] . Both of these methods then provide us with a compilation of 36 Hubble parameter H(z) data points, which for completeness we present in Table I , along with their references.
B. CMB likelihood
Here we provide some more details about our CMB shift parameters likelihood, where we mostly follow Ref. [33] . Since we are interested in constraining the extra relativistic degrees of freedom, we rederive the shift parameters with N eff as a free parameter. The shift parameters are given by
where the comoving sound horizon is defined as
Here, E(a) = H(a)/H 0 is the dimensionless Hubble parameter, R b = 3ρ b /4ρ r · a −1 is the baryon-photon ratio and the comoving distance is
Then, we can use these definitions to obtain the new values for the set of shift parameters by using the MCMC Planck 18 chain 2 , see [11] for details. To do this, we calculate the parameter vector v CMB = (R, l a , Ω b0 h 2 , N eff ) for all points in the chain, which gives the mean values 
The effective number of relativistic neutrinos N eff should be modified according to the black hole emission of relativistic species, i.e. N eff = N eff,SM + ∆N eff . The total N eff will be the sum of both contributions from the Standard Model particle, denoted by "SM" and the PBH one, given by ∆N eff , which is directly connected to the Ω x (a). However, our choice is more conservative and we decide to leave N eff as a free parameter. Finally, the covariance matrix of these parameters is given by: Combining all of the above, the CMB contribution to the χ 2 becomes
2 the chain used is: "base nnu mnu plikHM TTTEEE lowl lowE post lensing" where the parameter vectors are given by
C. Methodology
In order to use the aforementioned data we first need to estimate the background expansion history of the Universe by calculating the Hubble parameter. This can be achieved by solving Eq. (10) together with Eqs. (8) and (9) .
From Eq. (10) we can easily calculate the necessary cosmological distances required by the data using the usual FRW definitions. Then, our total likelihood function L tot can be given as the product of the separate likelihoods of the data (we assume they are statistically independent) as follows:
which is related to the total χ 2 via χ
In order to study the statistical significance of our constraints we make use of the well known Akaike Information Criterion (AIC) [42] . Assuming Gaussian errors, the AIC parameter is given by
where k p and N dat are the number of free parameters and the total number of data points respectively. In this analysis we have 1048 data points from the Pantheon set, 4 from the CMB shift parameters, 10 from the BAO measurements and finally 36 H(z) points, for a total of N dat = 1098. The AIC can be interpreted similarly to the χ 2 , i.e. a smaller relative value signifies a better fit to the data. To apply the AIC to model selection we then take the pairwise difference between models ∆AIC = AIC model − AIC min . This is usually interpreted via the Jeffreys' scale as follows: when 4 < ∆AIC < 7 this indicates positive evidence against the model with higher value of AIC model , while in the case when ∆AIC ≥ 10 it can be interpreted as strong evidence. On the other hand, when ∆AIC ≤ 2, then this means that the two models are statistically equivalent. However, Ref. [43] has shown that the Jeffreys' scale can lead to misleading conclusions, thus it should always be interpreted carefully.
Then, our total χ 2 is given by Eq. (17) and the parameter vectors (assuming a spatially flat Universe) are given by: p ΛCDM = (h, N eff , Ω b,0 , Ω c,0 ) for the ΛCDM; and p PBH = (h, N eff , Ω b,0 , Ω c,0 , α, f PBH ) for the PBH model. For the last two parameter, we will actually use the parameter log 10 α and log 10 f PBH in order to sample the parameter space much better, given that we expect to have small values of both parameters.
Using the aforementioned cosmological data and methodology, we can obtain the best-fit parameters and their uncertainties via the MCMC method based on a Metropolis-Hastings algorithm. The codes used in the analysis were written independently by two of the authors, in both Mathematica and Python 3.0.
3 The priors we assumed for the parameters are given by h ∈ 5 MCMC points for each of the two models. As a further step we decide to fix both log 10 α = −4 to which corresponds a primordial black hole mass of M = 9.79 · 10 15 g, and log 10 f PBH = 0 in order to have the largest contribution in the PBH scenario and study the contribution to the overall dynamics of the Universe.
D. Results
In Fig. 1 we show the 68.3%, 95.4% confidence contours, long with the 1D marginalized likelihoods for various parameter combinations, for all the six parameters entering in the PBH scenario, i.e. p PBH = (h, N eff , Ω b,0 , Ω c,0 , log 10 α, log 10 f PBH ) and in Tab. II we report their best fit. We considered two separate cases, first using only the CMB data and then using all the data together. The data used are clearly insensitive to the PBH parameters, as the full marginalized errors span over the whole range of the values allowed in the analysis.
The reasons are two: 1) the CMB shift parameters have been evaluated using only the TT modes of the CMB which is particular insensitive to the PBH physics as also evidenced by [44] ; 2) the effective dark energy equation of state Eq. (11) manifests a very mild phantom behavior at late time, making it practically undistinguishable to w = −1.
In Fig. 2 we show the 68.3% and 95.4% confidence contours for the ΛCDM and the PBH models, respectively, along with the 1D marginalized likelihoods for various parameter combinations. The PBH results have been obtained by fixing log 10 α = −4 and log 10 f PBH = 0. In Tab. II are reported the corresponding best fit. Also in this analysis we considered two different cases, CMB data alone and all the data together. In this analysis we wanted to have the largest contribution possible from the PBH but still within the allowed regions reported in [44] . In this case, we do not see any appreciable difference on the best fit of the parameters. Both models, i.e. ΛCDM and PBH give very similar results, implying that the contribution of energy budget from PBH does not affect the expansion of the Universe. We want to highlight that we did not expect any change on the best fit of the parameters from CMB data alone, because the initial conditions of our dynamical equations were set to be exactly ΛCDM.
In Table III we show the values for the χ 2 and AIC parameters for the ΛCDM and the PBH models respectively. As mentioned, we considered two separate cases: CMB data alone, and all the data together. In the first case, by inspecting Tables II and III, we find that as the difference in the AIC parameters is roughly 0 and 1.3 for the PBH and full PBH models with respect to the ΛCDM model, then they all are in good agreement with each other. When we use all the data, we find that the statistical difference rises to ∼ 2 and ∼ 7 for the PBH and full PBH models, thus placing some strain on the full PBH case with respect to the ΛCDM model.
E. Speculative venues
Let us now ask the question of what would be the effect of a very light PBH fraction on the expansion history. For masses below around 10 14 g such a population would not serve as DM since it would have completely evaporated by now. However, for such ultra-light BHs the radiation injection would be enough to produce a change on the N eff . For a fraction of f PBH = 10 −10 , a mass of M PBH = 10 6 g could achieve this; in fact we can have an increase of ∆N eff of about 0.35. Such ultra-light BHs have no impact on the CMB anisotropies [44] , neither do they affect CMB spectral distortions [45] . It would be interesting to investigate if there are mechanisms that produce such ultra-light PBHs on top of the DM candidate population, since that could be relevant to the recent H 0 tension. In Fig. 3 , we show the confidence regions for h−Ω c,0 using CMB data only. For such ultralight PBH, there is a substantial shift on H 0 up to 70.38, reducing the tension with local measurements. The best fit parameters with their 1σ errors are:
The minimum χ 2 is 0.0291 and the AIC criterium gives −10.9256. Compared with Tab. III we find a difference on ∆AIC of about 5 which indicated a positive evidence in favor of ΛCDM.
However, it is interesting to notice that, even though there is a shift on the values of the parameters, their products give a result very close to the Planck best fit within the 1σ errors, [11] : Ω c,0 h 2 = 0.12032 and Ω b,0 h 2 = 0.02224.
IV. CONCLUSIONS
Primordial Black holes present a paradigm shift in our understanding of the nature of Dark Matter. In this paper we presented a novel scenario where due the quantum effects of Hawking evaporation of PBH, the late time dynamics of the expansion of the Universe are affected via this new radiation component. The method consists on coupling together the BH mass to the new radiation component, assuring that the energy loss by the black holes are transferred to radiation. The idea was to understand and test how the cosmological dynamics were affected by the presence of PBH; focusing on the H 0 problem. Our analysis showed that, even if there is a constant pumping of energy into the radiation sector which affects the effective number of relativistic species and hence enhancing its value, it is not able to reconciliation the long/short H 0 discrepancy at 2σ. TT modes from CMB data still prefer a value of N eff close to the ΛCDM value, depriving the effective number of relativistic species to increase and hence to modify the H 0 value. Furthermore, we found that the PBH decay mechanism can be formulated as an effective dark energy fluid, and hence it can be interpreted as a late time effect. The physics behind is that the emitted particles do not behave as radiation even though they are relativistic, since Ω x does not scale exactly as a −4 due to Eq. (1). By solving the system of coupled fluids numerically, it can be shown that at late times the dark radiation component shows a phantom behavior, being too mild, though, in order to differ appreciably from the cosmological constant. However, this formulation allows us to consider the effect of a fraction of matter in tiny PBHs whose complete decay could produce a sufficiently phantom equation of state thus raising the CMB induced current Hubble rate.
Finally, by using our approach and comparing with the latest cosmological data, including the SnIa, BAO, CMB and the H(z) data, we placed observational constraints on the PBH model. We find that the PBH model is statistically consistent with ΛCDM according to the AIC statistical tool.
